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SUMMARY

Experimental data were obtained on the recovery characteristics and
time constants of three shielded * three unshielded thermocouple
probes. The data, which were taken in sdr at rocsntotal temperature
over the Mach number and total-pressure rages of 0.2 to 2.2 and 0.2 to
2.2 atmospheres, respectively, show reproducible systematic variations
of recovery with Mach number, ambient pressure, flow angle, and probe
design. Time-constant data determined at Mach 0.2 and roan temperature
and pressure indicate that unshielded probes are several times faster in
response to temperature c-es than shielded probes.

.*

INTRODUCTION
t

For temperature measurements involving the imnersion of instruments
such as thermocouple probes in gas stre-, corrections to the indicated
temperatures are often necessary, since the probe junction msy attsin
thermal equilibrium at a temperature other than that of the undisturbed
gas stream. At low velocities, the equilibrium temperature results frcm
a balance between heat transferred by convection to and from the gas and
heat transferred by radiation and conduction to and frcm the external
surroundings. For a gas moving at a high velocity, however, an addi-
tional factor becomes important, namely, the aerodynamic heating effect,
which is a result of friction in the boundary layer on the probe sur-
faces and of stagnation at certain points on the probe. The aerodynamic
heating on the various probe surfaces is not necessarily uniform; there-
fore, for probes immersed in high-velocity gas streams, thermal equi-
librium must include local heat transfer among different parts of the
probe.

When negligible heat tramfer to and from external surroundings is
assumed, the indication of a thermocouple probe, or adiabatic junction
temperature, can be related to the total tarperature of the gas stresm
by the recovery ratio R defined as

.
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described by the recovery

T-!l?s
r ‘m m.L.

t - ‘“s

The two parameters are related by

T
R ~(1 -r)==r+Tt

It has been well established that the
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(1)

The recovery characteris-
factor r, defined by

(2)

rT

‘+4

f(r,M) (3)

recovery factor, and hence
the recovery ratio, of a themnocouple probe is affectedly-probe de-
sign, flow angle, and the properties of the gas stream (ref. 1). The
external heat-transfer effects will not be considered here; they have
been treated In several papers listed in reference 2 and in references
3 and4e

The &mmnic response of a thermocouple probe is generally given In
terms of a time constant T, equal to the time required for the probe
to indicate 63 percent of a step change in temperature. The time con-
stant depends upon the probe design, the properties of the gas stream,
and the thermocouple wire material (refs. 3 and 4).

Data are presented herein on the recovery ratios and time constants
of six thermocouple probes in air at room total temperature for Mach num-
bers from 0.2 to 2.2, tot&L pressures from 0.2 to 2.2 atmospheres, and
various flow angles.

APPARATUS AND PROCEDUKE

The recovery ratios were determined in the apparatus shown in figu-
re l(a). The flow processes in the nozzles and testing regions were
isentropic within the accuracy of the pressure and tm erature rueasure-
ments. All tests were made at room total temperature t’70°to 100°F).
Laboratory dry air was employed for supersonic tests to avoid condensa-
tion shocks in the nozzles and testing regions (ref. 5). The close
agreement between theoretical and experimental data on total-pressure
ratio across normal shock (fig. l(b)) indicates condensation effects
were negligible.

The setup for determining time response is shbwn in figure 2.
Covered with the shield, the probe was heated to a constant temperate
with the hot-air blower. A step change in temperature occurred when
the shield was suddenly retracted from the jet stream and the bluwer
simultaneously shut off.

“-
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Figures 3 and 4 show the six probe sensing elements with their
adjacent supports. The indicated tolerances are those which can be
expected in the fabdication of such instruments.

The probable error in total temperature was +1° F.
differences were measured with a probable error of #l.1°
yaw angles were measured with a probable error of +1/2°.
pressure measurements were negligible.

Recovery ratios of the six
function of Mach nmnber for the

RIMmrs

Temperature
F. Pitch and
Errors in

probes ~e plotted in figure 5 as a
reference condition of 1 atmosphere

total pressure ad zero angles of pitch and yaw. (See fig. l(a) for
definitions of pitch and yaw.) Other recovery data reported in the
literature (refs. 6 to 8) are also indicatedin figure 5(a). The data
quoted from references 6 and 7 are for a static pressure of 1 atmosphere.

k the subsonic range, the number of samples was so large that no
tits points are shown; hence, cross-hatching is used to inticate the
range of variation among semples. The boundaries of the cross-hatching
denote the maximum random variations in probe recovery ratio due to the
dimensional tolerances given in.figure 4.

The data on probable values of recovery ratio as detailed in figure
5 are summarized in figure 6.

Data on the effects of total pressure, yaw angle, and pitch angle
are presented in fi~es 7, 8, and 9, respective~; table I gives the
time constants of the six probes.

DISCUSSION OF RESULTS

Recovery Ratio

Previously reported results (refs. 6 and 7) sxe confirmed in fig-
ure 5(a), in which the recovery ratio of probe 1 is similar to that of
a long wire (length-to-dismeterratio > 50) for a Mach nuuiberless than
0.5. However, the dip at a M& number of approximately 0.75 shown by
the long wire-does not occw

The recovery of probe 5
flow over a flat.plate for a

with the probe.

(fig. 5(e)) resembles that for laminar
considerable portion of the stisonic region.

.
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Data taken in the two supersonic test sections shown in figure 1
agree ● The solid points in figure 5 w&.e taken in unit II. In the
supersonic region, for the unshielded probes 1, 2, and 3, one of two
conditions is possible: (1) the thermocouple Junction maybe down-
stream of a bow shock produced by the probe support; or (2) the
thermocouple junction may be located upstream of the bow shock pro-
duced by the probe support.

The effect of shock displacement on recovery is seen to be large
for probe 2 (fig. 5(b)). When the junction remains downstream of the
bow shock, the recovery-ratio curve shows a smooth continuation of the
subsonic curve. When the thermocouple junction breaks through and ex-
tends upstream of the bow shock, the recovery ratio falls abruptly.
Obviously, the probe designer should try to avoid the break-through
point.

The correlation between the break in the recovery-ratio curve and
the bow-wave location is most clearly indicated in figures 5(b) end 10.
Figure 10 shows the bow-wave location upstresm of a transverse cyLLnder
as determined from figure 7 of reference 9 and figure 5 of reference
10, assmdng isentropic flow On the cylinder. For the desi~ of pro~
2 (fig. 4(b)), the break-through shouLd occur at M = 1.63; the experi-
mental data of figure S(b) yield this same value. For a junction lo-
cated near the end of a transverse cylinder, a break-through at a lower
Mach number is to be expected because of the curvature of the bow wave;
figure 5.(b]confirms this expectation qualitatively. The inset in fig-
ure 10 is a schlieren photograph of flow at ‘M = 1.4 over a rake using
probe elements of the designof figure 4(b). The measurements indicated
on the photograph yield the data point, which shows good agreement with
the theoretical curve.

Similar reasoning appears applicable to the data of figure 5(c),
although analytical treatment of this case is difficult because of the
complex geomet~ involved. However, reference 9 predicts, for a stiple
truncated-cone-cylinder configuration, a break-thiough value wkd.chap-
pears consistent with the e~erimeutal data.

Figure 6 shows that the shielded probes have higher rec-pvery thau
the unshielded probes at the reference conditions over the full range
of Wch nmnber. The shielded probes slso show smaller variations of re-
covery with probe design.

Reproducibility of Recovery Ratio a-tReference Conditions

If the O.1° l?measurement errors are neglected, the probable error
due to manufacturing tolerances ~ q conveniently be taken as one-

half the maximum variation from the mean line indicated by the cross-
hatching. This probable error is very nearly proportional to Mach

g..

A
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number in subsonic flow (fig. 5) except for probe 1 at M Z 0.8. At
M M= 0.8, b%, in percent of total temperature, ranges frcm 0.06 for

probes 2 and 6 to 0.14 for

* is 0.1 and 0.05 percent of
respectively.

probe 3. The average q for all probes

total temperature at M= 0.8 and 0.4,

Time of Response

Table I shows the results of time-constant tests using the appara-
tus of figure 2. The tests were conducted at M = 0.22, 1 atmosphere
static pressure, and room temperature. .Thetime constant ‘c for probe
1 is cconparedwith time constants of three sizes of wire given by equa-
tion (27) of reference 4.

If the Nusselt mniber of’a body immersed in a gas stream is propor-
tional to the square root of the Reynolds nuder, the time constant for
the body csnbe relsted to the free-stresm properties by the following
equation (ref. 3):

~=l?w(a0”18 (4)

a

The values of TO given in table I sre
conditions:

Machnmiber, Ma....... . . . . .

Static pressure, po, atm . . . . . . .

Tcanperature,TO,%.... . . . . . .

Equation (4) may not be correct for all
account for local flow effects that msy
probes. However, reference 4 shows the
shielded tires mounted in crossflow for

for the following reference

. . . . . . . . . . . . . ● 1.0

. . . . . . . . ...*.* . 1

. . . . . . . . ...0 . . 519

probe designs. It does not
be encountered within shielded
eqmtion to be valid for un-
Reynolds rnnnbersfrom 250 to

30,OCXland Mach numbers from 0.1 to O.9. Table I shows that the cmn-
puted values of %0 for probes 1 and 2 agree with those reported for

similar probes in reference 3. Ttie-constmt information in the super-
sonic flow range was not determined.

Departures from Reference Conditions
-.

Figures 7, 8, and 9 show systematic variations in the recovery-
ratio data of figure 6 due to changes of total pressure, yaw angle, and

.8
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pitch angle, respectively. These curves were obtained by averaging the
subsonic @performanceof five samples of each probe. The function
%-R

1-%
was chosen as the or&Lnate, since it makes the effects of pres-

sure and angle nesrly independent of Mach number in subsonic flow. It
is the fractional vsriation of 1 - R and is equivalent to the frac-
tional variation of Tt - T. For a particular Mach number,
RO-R rO-r

from equation (3).
‘O-R

R. l-r.r= The probable error in 1 - ~ was

approximately 15 yercent of the given values in all cases, or

6@.+J=o.E&&).

“

The effects of ambient pressure at zero angle sad constant Mach
number are shown in figure 7. It should be noted that at roan tempera-
ture the indicated systematic errors smount..to,at most, 3° F. Au or&L-
nate value of 0.8 means that the difference between total and indicated
temperature is 80 percent higher than the difference at the reference
flow condition. On this percentage basis, the shielded probes are much
more sensitive to pressure changes than the unshielded probes. Probe 1
shows a variation which agrees with that found for long wires (ref. 6) *

up to M= 0.70; for all five samples the pressure effect was negligib-
le in the interval Mach 0.75 to 1.00. Tests on a single semple of
probe 1 indicated no pressure effect between M = 1.3 and 2.2. Probes

r

2 to 6 show decreasing recovery ratio with decreasing pressure in sub-
sonic flow. Single samples of probes 4 to 6 indicated the ssme pres-
sue effect in supersonic flow. The dashed curves indicate that the
effect of pressure on the recovery ratios of the six probes can be ap-
proximated by algebraic expressions of the form (H/~)n - 1 {fig. 7)

where n is sn empirically determined constant.

The effect of yaw angle on the recovery of probes 4 to 6 can be
approximatedby the function tan2 ‘#(fig. 8). Probe 3 is generally
positioned to a condition of zero pressure differential between the two
balance tubes (fig. 4(c)) so that it is closely alined with the flow in
the yaw direction. Probe 1 again shows a performance change in the
ticinity of M = 0.75; however, the variations are small. The upper
curve also indicates the yaw effect of a single sample of probe 1 run
at Wch 2.2.

Variations in the performance of probes 3, 5, and 6 with pitch
angle were negligible over the range zero to 15°. Some variations,
caused by the probe support, were noted for probes 1, 2, and 4 (fig. 9).
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The effect of flow angle on the recovery of shielded probes in
P- supersonic flow may not be well represented by figures 8 and 9 if the

weld lfSW~OWS’1 the bm shock. This process is shown by shadowgraphs
in reference J1.

*

The effect of absolute temperature level on steady-state recovery
ratio was not determined. However, reference 6 indicates that the tem-
perature effect on long tires in crossflow is given by the empirical
relation

RO-R

()

TO 0.25

1-%=~ ‘1

App”Mcation to T~erature Data Reduction

All six probes read less than total temperature by an amount that
varied systematically with Mach number, snbient pressure, and flow
angle. In general, the Mach numibereffect was predominant. However,
the shielded probes showed a sizable ~ressure effect over the range
investigated. For probes such as 5 and 6, the effects of flow sngle

s can be neglected for many applications, and the systematic variations
can be lumped into a single family of recove~-ratio curves.

:
A ssmple computation of the recove~ ratio and its probable error

are given in table II for probe 6 for M . 0.6 and a totsl press~e
of 2 atmospheres.

The recovery ratio of a thermocouple probe shows systematic varia-
tions with Mach number, ambient pressure, and flow angle and has a ran-
dcunerror due to imperfect reproducibility in fabrication. On the av-
erage, the probable error due to imperfect reproducibility is proportional
to the Mach zuxnberin subsonic flow and is about 0.1 percent of total
temperature at Mach 0.8.

Shielded probes show higher recove~ ratios for most flow condi-
tions. Unshielded probes, however, are less sensitive to pressure
changes and exhibit much faster response to temperature changes.

An important design criterion for probes to be used in supersonic
flow is that the thermocouple junction should not be crossed by strong
compression shocks generated by the probe over the required range of
Mach number.

Lewis Flight Propulsion Laboratory
National Advisory Ccmmittee for Aeronautics

Cleveland, Ohio, April 20, 1955
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APPENDIX - smBoLs

The following symbols are used in this report:

support dismeter

total pressure

free-stream Mach nmiber

free-stream static pressure

recovery ratio

recovery factor

adiabatic junction temperature, ‘R or ‘K

static temperature, ‘R or ‘K

total temperature, OR or %

shock displacement

probable error

time constant

yaw angle

Subscript:

o reference

1. Johnson, H.

of...

conditions
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TABLE I. - TIME-CONSTANT RESULTS

Probe Wire Wire %0
(a) ~s.meter, O%served ‘Eq. (27) Computed,

in.
Ref. 3

of ref. ‘4 eq. (4)

1 I-C! 0.020 0.4 0.43 0.2 0.2

1 C-A 0.013 --- 0.27 --- ---

1 I-C 0.010 --- 0.16 --- 0.1

2 C-A 0.013 0.34 ---- 0.16 0.1-0.2

3 I-C 0.010 0.16 ---- 0.07 ---

4 I-C 0.013 0.8 ---- 0.4 ---

5 1-C o ● 010 0.9 ---- 0.4 ---

6 I-C 0.010 0.8 ---- 0.4 ---

aIron-constantan, I-C; chromel-alumel,C-A.

#

w-

-A
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TABLE 11. -. .

[Probe 6 at

.

b

SAMPLEcOMPUTATION

ERROR DUE TO

OF RECOVERY RATIO

DESIGN TOIXRANCES

I-1

MD ITS PROBABLE

M = 0.6 and H = 2 atmj flow-angle effects

Computation

o1 R. = 0.9960

Source
I

I Fig. 5(f) Or 6

(Z-J (1 - R())= 0.0040

03 %-R

= = ‘0”41

@) (~ - R) = -09~16

o5 R = 0.9976

@ ,~=+o.oom

o 5(1- RJ

7 -n---iJ=@”13

l-=Q-
1 Fig. 7

Fig. 5(f)

@)/@

Tests

@ mcJ - R)= ~=ooos
—

nl-l 8R =M3.0006

neglected.]

&
I R = 0.9976

0-

*-

+0.0006
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(a) Probe 1.

l!r-T%m-hole ceramio

\,

130 *.*

1

77

insulator

28 Gege

(b) Probe 2.

R-

,-

.

‘v~Diem.tubing

‘+ ‘ “45Q *5.

~!

15° k 50

+

0.100

f

0.030 Diem.
balanoe tubes

L 30Gage

1

c-

(c) Probe3.

FigOre 4. - Probe details. Tubing diameters given in nominal size;
wire sizes inknerican wire gage. (Alldimensionsin inches.)
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(f) Prcbe S.

Figure 4. - Ccmludefl. Prcbe detaile. !CubiW diameters given in mminel size;
wire slze6 In Amerlc.snwire gage. (All dhemicms in inches.)
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Figure 10. - Displacement of bow shock for cylinder transverse
to supersonic flow.
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